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FOREWORD 

This  i s  R e p o r t  N o .  IITRI-C6018-11 (Quar t e r ly  R e p o r t )  of 

Project 66018, Contract N o ,  NASr-65 (07 )  , e n t i t l e d  " Inves t iga t ion  

of Light  Sca t t e r ing  i n  Highly Ref lec t ing  Pigmented Coatings." 

This report covers the  per iod f r o m  A p r i l  1, 1964 t o  August 1, 

1964 , 

and IITRI-C6018-8 w e r e  prepared on October 11: 1964, January 29, 

1964, and May 5,  1964, respec t ive ly .  

Previous Quarter ly  Reports IITRI-C6018-3, IITRI-C6018-6 

Major con t r ibu to r s  t o  the program include Gene A, Ze r l au t  

(Project Leader) D r ,  So K a t z  and D r ,  B. Kaye ( t h e o r e t i c a l  

analyses)  V, Razinuas ( p r i n c i p a l  i n v e s t i g a t o r ) ,  and Mrs, J, 

Allen (si lver ha l ide  preparat ions)  , 

D a t a  are recorded i n  Logbooks C14085 and C13906. 

Respectful ly  submitted,  

Gene A - y e r l a u t  
Research Chemist-Group Leader 
Polymer Research Sect ion 

APPROVED BY: 

Theodore H, Meltzer, -i/ 
Manager 
Polymer Research Sect ion 
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INVESTIGATION O F  LIGHT SCATTERING 
IN HIGHLY REFLECTING PIGMENTED COATINGS 

ABSTRACT . k?k a3' 
J 

The o p t i c a l  properties of concentrated f i l m s  of suspensions 

of s i l v e r  bromide particles of t w o  narrow s i z e  d i s t r i b u t i o n s  

was es tab l i shed .  For t h e  concentrated suspensions i n  t h i n  

f i l m s ,  it has been shown t h a t  i f  the  f i l m s  are monolayers, t h e  

i n t e r a c t i o n s  due t o  proximity of s c a t t e r e r s  a r e  minimal. How- 

eve r3  mul t ip l e  s c a t t e r i n g  e f f e c t s  are found i f  the p a r t i c l e s  

a r e  packed behind each o ther  w i t h  respect t o  the  inc iden t  beam. 

I n  d i l u t e  systems t h e  particles of t w o  s i z e s  a c t  a s  inde- 

pendent s c a t t e r e r s ,  I t  was t h u s  shown t h a t  

- D + D2 
1 - 

2 *1+2 

where Db9 D2 and D 

of s i z e  1, s i z e  2 and 50/50 mixture of s i z e s  1 and 2, 

are t h e  o p t i c a l  d e n s i t i e s  of suspensions 1+2 

On the b a s i s  of experimental d a t a ,  a t h e o r e t i c a l  optimum 

p a i n t  coa t ing  w a s  constructed i n  order t o  a t t a i n  minimum i n t e r -  

a c t i o n s  between t h e  scatterers, The particles should be suspend- 

ed i n  exceedingly t h i n  Payers containing particles of uniform 

s i z e .  The d i s t r i b u t i o n  of l aye r s  with respect t o  t h e  inc iden t  

b e a m  should be such t h a t  each layer  conta ins  inc reas ing ly  larger 

particles, The top l a y e r s ,  containing t h e  smallest particles,  

w i l l  i n t e r a c t  only w i t h  shortest wavelengths, allowing longer 

wavelengths t o  pass undisturbed i n  both d i r e c t i o n s ,  

I l T  R E S E A R C H  I N S T I T U T E  
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I. INTRODUCTION 

The p r inc ipa l  ob jec t ive  of t h i s  program i s  the  app l i ca t ion  

of l i g h t - s c a t t e r i n g  theory t o  particle a r r ays  i n  an attempt t o  

expla in  t h e  s c a t t e r i n g  behavior of polydisperse  pigmented coat- 

ings ,  e s p e c i a l l y  h ighly  r e f l e c t i n g  p a i n t  systems. O r  p a r t i c u l a r  

concern the re fo re  are t h e  d e f i n i t i o n s  of t h e  l i g h t - s c a t t e r i n g  

parameters which operate  i n  pigmented coa t ings  designed for the 

m a x i m u m  r e f l e c t i o n  of solar r ad ia t ion  -- a problem of s o m e  

magnitude s ince  the  s u n ' s  energy encompasses the rather large 

wavelength i n t e r v a l  f r o m  about 2500 t o  40,000 A, 

Previous q u a r t e r l y  r epor t s  have discussed t h e  prepara t ion  

on mono-sized s i l v e r  bromide suspensions and have dealt  p r inc i -  

p a l l y  with the  optical proper t ies  of both mono- and b i m o d a l  

d i spe r s ions  of silver bromide p a r t i c l e s  i n  l i q u i d  and g e l a t i n  

suspensions,  

T h i s  r e p o r t  continues the  d iscuss ion  of l i g h t - s c a t t e r i n g  

theory,  Experimental s t u d i e s  during the  period covered by t h i s  

reporc have involved t h e  establishment of t h e  o p t i c a l  properties 

of concentrated f i l m s  of s i l v e r  bromide particles of t w o  narrow 

s i z e  d i s t r i b u t i o n s ,  These include the  effects of so l id  angle  

and path length on transmittance measurements and t h e  evaluat ion 

of the t ransmit tance of bimodal suspensions of s i l v e r  bromide 

particles, 

I l T  R E S E A R C H  I N S T I T U T E  
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I1 , LIGHT-SCATTERING THEORY AND MULTIPLE-SCATTERING SYSTEMS 

A, The Application of Liqht-Scat ter ina Theory t o  Ref lec t ive  
Coatinqs 

I n  the  following discussions,  t he  appl ica t ion  of s ingle-  

particle s c a t t e r i n g  theory t o  mul t ip le  particle a r r ays  i s  con- 

s idered,  The previous discussion of particles with very l a rge  

r e f r a c t i v e  ind ices  i s  extended t o  include t h e  case of l a r g e r  

particles and mul t ip le  p a r t i c l e  systems, 

B, Mult iple  P a r t i c l e  Sca t te r inq  

I n  previous r e p o r t s ,  w e  have discussed l i g h t - s c a t t e r i n g  

theory w i t h  re fe rence  t o  s ing le  p a r t i c l e s ,  S ingle-par t ic le  

theory  can be used t o  descr ibe  the l i g h t - s c a t t e r i n g  charac te r -  

ist ics of a c o l l o i d a l  o r  aerosol  suspension i n  which the  parti- 

c l e s  a r e  very widely dispersed,  I n  an appl ica t ion  such a s  the  

present  one w h e r e  we w i s h  t o  apply s c a t t e r i n g  theory t o  t h e  

design of a coat ing mater ia l ,  it becomes necessary t o  a t tempt  

t o  set a lower l i m i t  t o  t h e  separa t ion  d is tance  which s t i l l  

permits  appl ica t ion  of s ca t t e r ing  theoryo 

The t h e o r e t i c a l  problem of computing the  s c a t t e r i n g  of 

l i g h t  by a mul t ip le  a r r a y  of p a r t i c l e s  i n  t e r m s  of the  i n t e r -  

ac t ion  of an electromagnet ic  wave on a mul t ip le  d i scon t inu i ty  

does no t  appear t o  have been analyzed r igorous ly ,  Van de H u l s t  

noted the  problem i n  1946,' and commented then on i t s  complexity. 

'Van de H u l s t ,  H, C , ,  "Optics of S p l e r i c a l  P a r t i c l e s , "  N e  V, 
Drukkeri j ,  J, J, Duwaer and Sons, Amsterdam, 1946, 

I l T  R E S E A R C H  I N S T I T U T E  
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A number of references i n  t h e  l i t e r a t u r e  g ive  a n  empirical or 

an est imated par t ia l  so lu t ion  of t h e  problem, S i n c l a i r  2 

H o w e v e r ,  Berry 3 

suggested a spacing of 10 or preferably 100 t i m e s  t h e  r ad ius  

of t h e  particle for independent s c a t t e r i n g ,  

s tud ied  t h e  s c a t t e r i n g  of l i g h t  by cubic  s i l v e r  bromide c r y s t a l s  

embedded i n  g e l a t i n  and reported t h a t  t h e  approximation t o  s i n g l e  

independent s c a t t e r i n g  appears t o  be q u i t e  s a t i s f a c t o r y  when 

t h e  separa t ion  of t h e  g ra in  centers i s  m o r e  than about t w i c e  

the  g r a i n  s i z e ,  

I n  previous reports, we defined the  t e r m  S as the effective 

s c a t t e r i n g  a rea  of a s i n g l e  particle, K ,  the s c a t t e r i n g  co-ef- 

f i c i e n t  i n  t h e  s c a t t e r i n g  per u n i t  c ross -sec t iona l  area of the 

particle i s  therefore equal  t o  S/ r r  2 Figure 1 of R e p o r t  N o ,  34 

i s  a p lo t  of K aga ins t  the parameter a=2nr/X 

r e f r a c t i v e  i n d i c e s ,  

for seve ra l  real  

I n  the absence of a more exact procedure, it i s  proposed 

t h a t  for particles whose s c a t t e r i n g  c o e f f i c i e n t  K i s  greater 

than un i ty ,  t h e  s c a t t e r i n g  cross-section: S, governs t h e  l i m i t  

of particle spacing for e f f e c t i v e  app l i ca t ion  of l i g h t - s c a t t e r i n g  

'Sinclair  ? Do "Handbook on Aerosols, "Chapter V I 1  , A t o m i c  
Energy Commission, Washington: D O C o ,  1950,  
9 

Berry,  6, R,,J, of t h e  O p t i c a l  Soc ie ty  of America, Vol. 52, 
888, 1962, 

J 

4 R e p o r  t N o  , I I T R I  -C60 18-3 (Quar te r ly)  
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theoryo  The electromagnetic fields which d e f i n e  the  s c a t t e r i n g  

c ross -sec t ions  w i l l  i n t e r f e r e  if the particles are spaced m o r e  

c lo se ly ,  A l s o ,  i n  t h e  case of very s m a l l  particles where K i s  

less than un i ty ,  the  s c a t t e r i n g  cross-sect ion i s  smaller than 

the  geometric cross-section and the phys ica l  dimensions of the 

particle w i l l  dictate t h e  limits of particle spacing., 

C,  Sca t t e r inq  by Particles W i t h  Hiqh Refrac t ive  Index 

The s c a t t e r i n g  of l i g h t  by s m a l l  part icles with very l a r g e  

r e f r a c t i v e  ind ices ,  i , e , ,  t o t a l l y  r e f l e c t i n g  spheres,  w a s  dis- 

cussed p r e v i ~ u s l y . ~  

l a r g e r  particles i s  examined, and s o m e  app l i ca t ion  t o  coa t ings  

are considered, 

I n  t h i s  r epor t ,  the  problem i n  the  case  of 

V e r y  s m a l l  particles w i t h  i n f i n i t e  refractive indexes are 

n o t  t r u e  Rayleigh scatterers, T h e  rad ia l  d i s t r i b u t i o n  of the  

scattered i n t e n s i t y  i s  never symmetrical, b u t  i n s t ead  t h e  back- 

s c a t t e r e d  i n t e n s i t y  a t  180° from the forward d i r e c t i o n  i s  n ine  

t i m e s  the i n t e n s i t y  of t h e  forward-scattered l i g h t ,  This i s  a 

desirable condi t ion fo r  back-scattering of course: unfortunately 

very s m a l l  t o t a l l y  re f lec t ing  p a r t i c l e s  have small e f f e c t i v e  

cross-sect ions and are no t  much m o r e  e f f i c i e n t  l i g h t  scatterers 

than a r e  Rayleigh scatterers of comparable s i z e ,  W i t h  increas-  

i ng  particle s i z e ,  t he  t o t a l  s c a t t e r i n g  e f f i c i e n c y  inc reases  t o  

- ~~ 

5 R e p o r t  N o ,  IITRI-C6018-6 
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a m a x i m u m  s l i g h t l y  i n  excess of t w o  a s  a (2rr/,4) approaches 

u n i t y  and remains near  t h a t  value a s  a i nc reases  (Figure 1). 

K 

4 

3 

2 

1 

0 1 . 2 3 4 5 6 7  

01 = &r/A 

Figure 1 
Perfect Ref lec tors  ( M s o o )  

R a d i a l  s c a t t e r i n g  data for larger  t o t a l l y  r e f l e c t i n g  p a r t i c l e s  

have been given by van de Hulst ,  

a t t enua t ion  of t h e  back-scattered s i g n a l  which charac te r ized  

t ransparent  particles i s  not  present  here and as  m i g h t  be ex- 

pected: a l a rge  component of energy i s  present  i n  t h e  back-scat- 

I t  i s  noted t h a t  t h e  s t rong  

tered rad ia t ion ,  1 

An a r r a y  of t o t a l l y  r e f l e c t l n g  particles should the re fo re  

produce a s u b s t a n t i a l  a t tenuat lon  with a r e l a t i v e l y  s m a l l  con- 

c e n t r a t i o n  i n  comparison with t ransparent  particles, 

The o p t i m u m  p a r t i c l e  for t he  present  app l i ca t ion  would, there- 

f o r e  appear t o  be a particle w i t h  an i n f i n i t e  r e f r a c t i v e  index. 

I n  the next  r e p o r t ,  experimental approximations t o  such materials 

w i l l  be discussed,  and an attempt w i l l  be m a d e  t o  cons t ruc t  a 

t h e o r e t l c a l  pigment f i l m  designed for  t h e  s e l e c t i v e  transmission 

or r e j e c t i o n  of d i f f e r e n t  spectral regions,  
I I T  R E S E A R C H  I N S T I T U T E  
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I11 EXPERIMENTAL STUDIES 

A, In t roduct ion  
6 

r e l a t i o n s h i p s  between t h e  particle concentrat ion,  t h e  particle 

size, and t h e  optical  properties of d i l u t e  suspensions and con- 

cen t r a t ed  monodisperse f i l m s  containing s i lver  bromide particles 

a s  scatterers, I n  d i l u t e  suspensions of a m i x t u r e  of t w o  parti- 

cle s i z e s ,  the  particles behaved as independent scatterers: the 

a t t enua t ion  of l i g h t  due t o  each particle s i z e  w a s  add i t ive ,  

The s c a t t e r i n g  properties of t h e  mixture cons is ted  of the sum 

of the properties of each component of the m i x t u r e .  For  the 

concentrated suspensions i n  th in  f i l m s ,  it w a s  shown t h a t  i f  

the  f i l m s  are monolayers, the i n t e r a c t i o n s  due t o  proximity of 

scatterers are minimal, On the o the r  hand, mul t ip le  s c a t t e r i n g  

effects w e r e  found if t h e  particles w e r e  packed behind each 

other w i t h  respect t o  t h e  inc ident  b e a m .  

I n  t h e  l a s t  report w e  es tab l i shed  s o m e  q u a n t i t a t i v e  

The immediate objective of experimental  s t u d i e s  during 

t h i s  research  period w a s  t h e  establishment of the optical pro- 

perties of concentrated f i l m s  of suspensions of s i l v e r  bromide 

particles of t w o  narrow s i z e  d i s t r i b u t i o n s ,  Such a system is  

t h e  first approximation t o  a r e a l  polydisperse  coating. A 

'Zerlaut, G o  A,, "Inves t iga t ion  of Light  Sca t t e r ing  i n  Highly 
Ref lec t ing  Pigmented Coatings, ' '  ? Q u a r t e r l y  R e p o r t  N o ,  I I T R I -  
C6018-8, I I T  Research I n s t i t u t e ,  Chicago, I l l o ,  May, 1964, 
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successive addi t ion  of p a r t i c l e s  with a narrow s i z e  d i s t r i b u t i o n  

should lead t o  an a c t u a l ,  highly con t ro l l ed ,  polydisperse sys- 

t e m  i n  which the  phys ica l  and optical parameters can be f u l l y  

defined. The experimental  apparatus,  and s i l v e r  bromide particles, 

and measurement techniques used i n  t h i s  study w e r e  described i n  

our l a s t  reportO7 The optical  d e n s i t i e s  are given t o  the  base 

of n a t u r a l  log, 

B,  E f f e c t s  of Solid Anqle and Pa th  Lenqth on Transmittance 
Measurements 

I n  an ideal  s c a t t e r i n g  s y s t e m  i n  which the condi t ions  of 

the s ing le -pa r t i c l e  theory a remet  (no absorpt ion and no reflec- 

t i o n  a t  t h e  i n t e r f a c e s  between t h e  suspension m e d i u m  and a i r  

and a l s o  s c a t t e r i n g  particles),  agreement between theory and 

observat ion w i l l  depend on t h e  solid angle  of l i g h t  f lux  reach- 

ing  the  detector af ter  i n t e r a c t i o n  w i t h  the  scatterer, A larger 

sol id  angle  a t  the  detector w i l l  a l l o w  a l a r g e r  number of the 

photons: which should be l o s t  according t o  the transmission 

equation t o  reach t h e  detector. Thus? as  the s c a t t e r i n g  system 

i s  brought c l o s e r  t o  the  de t ec to r ,  t h e  dev ia t ions  f r o m  t h e  theory 

should increase ,  I n  c o n t r a s t ,  i f  t h e  l i g h t  l o s s e s  w e r e  due t o  

an absorp t ive  mechanism ( B e e r  s or L a m b e r t ' s  l a w )  , t h e  pos i t i on  

of the  ce l l  would have no effect whatsoever, s ince  t h e  l i g h t  is 

711T Research I n s t i t u t e ,  loc, c i t .  
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i nhe ren t ly  l o s t  and converted to  thermal and molecular energy, 

The effect  of posi t ioning t h e  cel ls  w i t h  respect t o  t h e  

d e t e c t o r  w a s  q u a l i t a t i v e l y  examined, 

theory, t h e  amplitude of s c a t t e r i n g  extrema decreased as  the  

cell  w a s  brought closer t o  t h e  de t ec to r ,  

As predic ted  by the 

It was previously observed8 t h a t  packing of particles be- 

hind each other w i t h  r e spec t  t o  t h e  inc iden t  b e a m  tends t o  g ive  

l a r g e r  dev ia t ions  from theory than packing even very c l o s e l y  i n  

monolayers, T h i s  w a s  explained on the basis of rad ia l  d i s t r i b u -  

t i o n  of scattered l i g h t ,  A m i n i m u m  i n  the radial  i n t e n s i t y  

func t ions  usua l ly  occurs a t  90° from t h e  inc iden t  b e a m ,  thus  

mul t ip le  i n t e r a c t i o n s  between p a r t i c l e s  packed i n  monolayers 

would be minimal, T h i s  observation i s  schematically i l l u s t r a t e d  

i n  Figure 2, T h e  general  conclusion f r o m  t h e  above observation 

i s  t h a t  increas ing  opt ica l  path length  under given condi t ions 

would g ive  a l a rge r  number of p a r t i c l e s  projected behind each 

other and would r e s u l t  i n  more mul t ip le  i n t e r a c t i o n s .  

i n  any real  scatterar_g system of appreciable concentrat ion,  an 

increas ing  o p t i c a l  path length  would g ive  increas ing  devia t ions  

f r o m  t h e  theory,  The r e s u l t s  of t h i s  study a r e  summarized i n  

Table 61, i nd ica t ing  an appreciable  decrease i n  the r a t io  of 

s c a t t e r i n g  extrema with increase i n  pa th  length,  

811T Research I n s t i t u t e ?  loco c i t , ,  pp 29: 31, 

Thus, 
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Table  1 

THE AMPLITUDE OF THE SCATTERING EXTREMA 
AS A FUNCTION OF PATH LENGTH 

P a r t i c l e  Optical  Path 1st Max, 
Batch N o ,  R a d i u s ,  r Lenqth, c m  Ratio 1st idin, 

25 0,39 2 
5 

26 0-32 2 
5 

28 0-44 2 
5 

30 0,20 2 
5 

31 0,33 2 
5 

Theore t i ca l  - 

1.85 
1.55 

1-61  
1.45 

1.82 
1.49 

1,87 
1.60 

2-09 
1,73 

2,63 
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C,  Transmittance Properties of Simulated B i m o d a l  Coatinqs 

I n  d i l u t e  systems t h e  particles of two s i z e s  ac t  as  in-  

dependent scatterers, I t  w a s  r e l a t ive ly  easy t o  obtain t h e  

experimental  evidence f o r  t h e  d i l u t e  suspensions,  s ince  the  

phys ica l  parameters of t h e  s c a t t e r i n g  system (such a s  particle 

s i z e ,  concentrat ion o r  separat ion of scatterers, o p t i c a l  pa th  

length)  w e r e  r e l a t i v e l y  w e l l  defined, As t h e  first approximation 

t o  a real  pigmented p a i n t ,  a series of concentrated mixtures 

containing t w o  particle s i z e s  of s i l v e r  bromide i n  g e l a t i n  

w e r e  prepared, A complete descr ip t ion  of the s i l v e r  bromide 

batches (particle diameter? s i z e  d i s t r i b u t i o n ,  p r e c i p i t a t i o n  

condi t ions)  was given i n  our l a s t  report.' 

t u r e s  w e r e  deposited as  t h i n  f i l m s  on qua r t z  p l a t e s ,  The 

s p e c t r a l  t ransmit tances  of the mix tu res  w e r e  compared w i t h  the 

t ransmi t tances  of s imi l a r  f i l m s  prepared f r o m  s i n g l e  par t ic le  

s izes ,  I n  each case ;  a set of three f i l m s  was compared, two 

obtained from monodisperse suspensions and one from the  mixture,  

These bimodal mix- 

The optical d e n s i t i e s  obtained from spectral t ransmit tance 

measurements for  t h e  two monodisperse f i l m s  are 

' I I T  Research I n s t i t u t e ,  loco c i t ,  

I I T  R E S E A R C H  I N S T I T U T E  
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and 

L J 

where K i s  t h e  t o t a l  M i e  s c a t t e r i n g  c o e f f i c i e n t ,  r i s  the 

particle r ad ius ,  n i s  t h e  p a r t i c l e  concentrat ion,  1 i s  the  o p t i c a l  

pa th  length  or t h e  thickness  of t h e  f i l m s ,  and D is t h e  optical  

dens i ty ,  

I f  t h e  t w o  particle s i z e s  ac t  a s  independent s c a t t e r e r s ,  

t h e  t ransmit tance of a hypothet ical  sum of t w o  monodisperse 

f i l m s  a t  50% of the  o r i g i n a l  concentration i s  

Dl + D2 
2 

If it i s  again assumed t h a t  the particles ac t  a s  independent 

s c a t t e r e r s  i n  t h e  mixed suspension, t h e  optical  dens i ty  of t h e  

mixture ( a t  50/50% by weight) i s  
I ---. 

2 I ” 1  
( 4 )  D1+2 

where 11+2 i s  t h e  thickness  of the  f i l m  prepared f r o m  a m i x e d  
L , ‘ 3  

where 11+2 i s  t h e  thickness  of the  f i l m  prepared f r o m  a m i x e d  

suspension, I f  

then 

D1+ 2 I__- Dl + D2 N, 
2 

I I T  R E S E A R C H  I N S T I T U T E  
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T h i s  method was used t o  cons t ruc t  a series of curves 

p red ic t ing  t h e  o p t i c a l  p roper t ies  of bimodal mixtures from the  

s i n g l e  p a r t i c l e  observat ions.  These curves w e r e  compared w i t h  

those obtained experimentally,  The da ta  a r e  summarized i n  

Figures  3 t o  8: i nd ica t ing  t h a t  t he  two s i z e  p a r t i c l e s  a c t  a s  

independent s c a t t e r e r s  fo r  very t h i n  concentrated f i l m s .  

I t  should be emphasized t h a t  the above observat ion i s  

v a l i d  probably for not more than severa l  l aye r s  of p a r t i c l e s .  

A l s o ,  t h e  g r e a t e s t  source of e r r o r  i n  our experimental measure- 

ments i s  the  determination of th ickness  and concentrat ion of 

s c a t t e r e r s  i n  dry  f i l m s ,  The th ickness  was measured i n t e r f e r o -  

me t r i ca l ly  as descr ibed i n  our l as t  report,, lo An apprec iab le  

displacement of the  observed and t h e o r e t i c a l l y  constructed 

curves due t o  va r i a t ions  i n  thickness  and concentrat ion can be 

expected, The th ickness  measurements a r e  summarized i n  Table 

2, 
Table 2 

TH_ICKNESS O F  FILMS USED I N  EXPERIMJ3NTA.L STUDIES 

Par t i c  l e  
I Films Batch N o ,  Radius, r 
Monodi sper sed 25 

26 
28 
30 
31 

0-83 - 1,OO 
0054 - 0,60 
0-72 - 1,20 
0,66 - 0.77 
0-54 - 0-66 

Mixtures 25, 30 0066 - Oo96 
28; 30 0060 - 0.66 
26, 30 0060 - Oo78 

-- 

" I I T  Research I n s t i t u t e :  l o c o  c i t , ,  p. 28, 
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Do Transmittance Properties of a Theoretical ( M i e )  B i m o d a l  
Coating 

Since a reasonable agreement was obtained between t h e  

observed t ransmit tances  of the bimodal mixtures and those con- 

s t r u c t e d  f r o m  observat ions of s i n g l e  particles, t h e  above com- 

par ison w a s  extended t o  include a t h e o r e t i c a l  bimodal coat ing 

constructed on the  basis of M i e  s c a t t e r i n g  theory.  

assumption i n  such a ease  is  t h a t  the particles are completely 

uniform -- there is  no s i z e  d i s t r i b u t i o n  whatsoever for  any 

given par t ic le  s i z e ,  

An inherent  

Theoretical v a r i a t i o n  i n  minima and m a x i m a  w i t h  the  w i d t h  

of t he  d i s t r i b u t i o n  curve i s  given i n  Figure 9 w h i c h  w a s  reported 

by Stevenson, H e l l e r ,  and Wallach, 11 

R comparison of observed o p t i c a l  d e n s i t i e s  and g raph ica l ly  

constructed theoretical ones for seve ra l  particle s i z e s  1s 

given an Figures 10 and 11, 

The comparison of observed and t h e o r e t i c a l  bimodal coa t ings  

i s  given i n  Figures  13 and 14, 

there i s  some loss sf f i n e  s t r u c t u r e ,  

observed and ca l cu la t ed  curves i s  q u i t e  good, 

s eve ra l  lobes, which w a s  predicted by the  theory,  i s  obviously 

due t o  the w i d t h  of the d i s t r i b u t i o n  curves of the  particles 

used i n  t h e  bimodal mixture,  

"Stevenson? A, F o  

The d a t a  i n d i c a t e  t h a t  although 

t h e  agreement be tween 

The loss of 

I ll-lllll_ 

H e l l e r ,  W,? and Wallach: M e  L a  , Journa l  of 
C h e m i c a l  Physics,  Vol, 34& p. 1789, 1961, 
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E~ Discussion 

Previous experimental  r e s u l t s  i n d i c a t e  t h a t  a t h e o r e t i c a l  

model based on M i e  s c a t t e r i n g  theory or a s e m i - e m p i r i c a l  m o d e l  

based on s i n g l e  particle observation w i l l  predict t h e  s p e c t r a l  

t ransmit tance properties of th in  pigmented f i l m s  t o  a f a i r l y  

close approximation, 

r e f l e c t i o n  have n o t  y e t  been considered d i r e c t l y  i n  t h e  experi- 

mental s t u d i e s ,  

c l o s e l y  related t o  mul t ip le  s c a t t e r ,  as  noted i n  our previous 

report, I 2  

The effects of absorpt ion and i n t e r f a c e  

I t  appears t h a t  t h e  absorpt ion effects a r e  

The effects of mult iple  scatter and absorption 

become q u i t e  s i g n i f i c a n t  i n  f i l m s  of s eve ra l  l a y e r s  of scatter- 

ers t i m e o ,  m o r e  than 5 ) .  

system s o m e  degree of mul t ip le  i n t e r a c t i o n s  and absorpt ion w i l l  

always be present ,  bu t  these effects are minimized i n  t h i n  

l a y e r s  of monodisperse suspensions, 

Thus, i n  any rea l  pigmented p a i n t  

Thus,  based on our experimental da t a  ( w h i c h  so f a r  c o n s i s t  

p r imar i ly  of spectral transmittance measurements) 

mented coa t ing  should f u l f i l l  t he  following set of requirements 

a real pig- 

1, The substance t o  be used as  s c a t t e r e r  (pigment) 
should have a minimum bulk absorpt ion c o e f f i c i e n t  
for any given spec t r a l  band, L e s s  r a d i a n t  energy 
w i l l  i nhe ren t ly  be l o s t  and converted t o  thermal 
and molecular energy modes, i f  t h e  scat ter ing particles 
are t ransrmt t ing ,  

2 ,  The ra t io  of r e f r a c t i v e  i n d i c e s  between particles 
and suspension m e d i a  should be t h e  largest  available, 
Total s c a t t e r i n g  and e s p e c i a l l y  back-scat ter ing 

1211T Research I n s t i t u t e ,  loc ,  c i t , ,  po 31, 
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efficiencies increase very s i g n i f i c a n t l y  a t  high 
e f f e c t i v e  r e f r a c t i v e  i n d i c e s ,  with the exception 
of the  r e f r a c t i v e  index  which i s  close t o  i n f i n i t y ,  
I n  t h i s  case, the r ad ia t ion  can no longer pene t r a t e  
t h e  particle: and t h i s  l ack  of optical resonance 
g r e a t l y  reduces the s c a t t e r i n g  e f f ic iency ,  

3 ,  To a t t a i n  minimum i n t e r a c t i o n s  between t h e  
scatterers, t h e  particles should be packed i n  exceedingly 
t h i n  l a y e r s  containing particles of uniform s i z e ,  The 
d i s t r i b u t i o n  of l aye r s  w i t h  respect t o  t h e  inc iden t  
beam should be such tha t  each l aye r  conta ins  increas- 
ing ly  larger particles, The top l aye r ,  containing the 
smallest particles, w i l l  i n t e r a c t  only with s h o r t e s t  
wavelengths, allowing longer wavelengths t o  pass un- 
d i s turbed  i n  both d i r ec t ions ,  I n  t h i s  manner? each 
suceeding layer  will i n t e r a c t  w i t h  r a d i a t i o n  of in-  
c reas ing  wavelength, Such a coat ing i s  schematically 
i l l u s t r a t e d  i n  Figure 15, 

F ,  V a l i d i t v  of Transmittance Measurements 

I n  t h e  measurements of the  t ransmit tance of a s c a t t e r i n g  

system, neglect ing absorpt ion and i n t e r f a c e  r e f l e c t i o n ,  the 

t o t a l  energy loss due t o  r ed i r ec t ion  of photons i s  measured, 

However, an a r e a l  r e f l e c t i n g  pa in t  sur face  the  v i t a l  i n t e r e s t  

i s  t h e  amount of energy t h a t  i s  back-scattered w i t h  respect t o  

t h e  primary beam of r a d i a t i o n ,  I n  a r e f l e c t i n g  coa t ing ,  there- 

fore,  t h e  back re f l ec t ance  i s  probably best expressed i n  terms 

of i n t e g r a t e d  r e f l ec t ance  measurements,, Our next  s t e p  should 

be a formulation of a scattering model of a coa t ing  based on 

t h e  i n t e g r a t e d  r e f l ec t ance  measurements of monodisperse f i lms ,  

I t  should be pointed ou t  t h a t  the requirements for  an optimum 

coat ing stated previously (which are based on the  t ransmit tance 

I I T  R E S E A R C H  I N S T I T U T E  
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measurements) should be val id  f o r  t h e  r e f l ec t ance  o r  back- 

s c a t t e r i n g  model because, i n  general ,  back-scatter depends on 

t h e  t o t a l  amount of scattering,,  

I n  our previous reports, w e  stated the d e s i r a b i l i t y  of 

i n v e s t i g a t i n g  t h e  r a d i a l  d i s t r i b u t i o n  of s c a t t e r e d  l i g h t .  

has  been found t h a t  such an  inves t iga t ion  (of d i l u t e  s i l v e r  

bromide suspensions) w a s  ca r r i ed  ou t  by Napper and O t t e w i l l  13 

and others, 

The data confirms our observation t h a t  i n  d i l u t e  s u s p e n s i o n s  

the d i s t r i b u t i o n  of i n t e n s i t i t e s  predicted by M i e  theory i s  

q u i t e  c l o s e l y  approximated i n  experiments, During t h e  n e x t  

research period. our immediate experimental ob jec t ive  w i l l  

be t h e  establ ishment  of r e l a t ionsh ips  between physical  and 

o p t i c a l  parameters f r o m  t he  measurements of t h e  in t eg ra t ed  

r e f l e c t a n c e  of monodisperse and bimodal coat ings,  

I t  

S o m e  of the data i s  given i n  Figures 16 t o  18, 

----- -. ---.-___- ~ m__l__III--- 

13Napper, 3, H, and O t t e w i l l .  R G  H, l 'Electromagnetlc S c a t t e r i n g , "  
The MacMillan Company, N e w . Y o r k ,  p. 377 ,  1963, 
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